Background In patients with chronic coronary artery disease (CAD) 
Background In patients with chronic coronary artery disease (CAD) and left ventricular dysfunction, flow/metabolic studies of the myocardium with positron emission tomography (PET) are able to distinguish viable but dysfunctional myocardium from irreversible ischemic injury and scar tissue. In this study, PET findings of blood flow and metabolism in chronically hypoperfused myocardium were correlated with histology.
Methods and Results We studied 33 patients suffering from CAD. In each patient, myocardial blood flow and metabolism were measured with PET 1 or 2 days before revascularization. During surgery, transmural biopsies were taken from the left ventricular anterior wall and planimetrically scored for the degree of myolysis (sarcomere loss). The amount of connective tissue was calculated using morphometric techniques. Contrast ventriculography demonstrated abnormal wall motion in 23 patients. Fourteen patients with a mismatch pattern (decreased flow with preserved metabolism) in the biopsy region after quantitative analysis of the PET data showed 11+6 vol% fibrosis and 25±13% cells with sarcomere loss. The space formerly occupied by sarcomeres was mainly replaced by glycogen and mitochondria. A significant wall motion improvement was noted 3 months after surgery. Nine patients showed a match pattern (concordant flow/metabolism defects). The biopsies revealed 35±25% fibrosis and 24+15% glycogen-storing cells. The biop-T he term hibernating myocardium was introduced by Rahimtoola and others'-4 to describe a state of impaired left ventricular function at rest caused by decreased coronary blood flow. Positron emission tomography (PET) studies permit the identification of viable tissue in chronically ischemic myocardium. 5, 6 Several investigators have shown the ability of NH3/FDG flow/metabolic imaging to predict improvement of ventricular function after coronary artery bypass grafting (CABG) or percutaneous transluminal coronary angioplasty (positive predictive value from 78% to 85%, negative predictive value from 78% to 92%).7-9 In another study, it was pointed out that patients with viable but compromised myocardium who were not submitted to coronary revascularization were at higher risk of having a future adverse cardiac event.'0 Other parameters such as the presence of pathological Age, y  63  77   45  71  51  67  72  77  70  57  69  66  71  58  57   57  58  62  57  78  55  76  64  48  68  48  65  71  61  59  73  64  65   LAD,  % Stenosis   80  90  80   90  100  100  80  90  100  100  90  90  70  100  80   90  100  100  80  70  90  90  80  70  80  100  100  70  80  90  90  90 
PET Myocardial Perfusion Imaging
Twenty millicuries of '3NH3 in 5 mL saline followed by a 20-mL flush of saline was slowly infused at a constant rate of 10 mL/min. Acquisition was started simultaneously with the injection of '3NH3. In each patient, 21 The 22 frames of the metabolic study were reconstructed with a Hanning 0.4 filter. The creation of radial slices, delineation, polar maps, and regional time-activity curves was done the same as for the flow studies. Regional glucose utilization values were estimated by applying a PATLAK graphical analySiS3637 using frames 8 to 22. The region in which flow was considered normal was used as reference region for FDG. A metabolic index, ie, the ratio of the glucose utilization in the biopsy area over that in the "normal" zone, was calculated.
In P<.001). A flow of 61± 13 mL/min per 100 g was found in the biopsy region versus 93±11 mL/min per 100 g in the reference zone (P<.001).
A second group of 10 patients showed no regional wall motion abnormalities on contrast ventriculography in the presence of severe stenosis or occlusion of the LAD. In this group, a flow of 83±+12 mL/min per 100 g in the biopsy region versus 91±8 mL/min per 100 g in the control region was found (P<.05). rMGU was 58±16 mmol/min per 100 g in the biopsy area versus 58+13 mmol/min per 100 g in the reference zone A significant difference was found between the flow in the biopsy area of the normokinetic group and the flow in the biopsy area of the mismatch and match groups (ANOVA, P<.01; Tukey's honestly significant difference, P<.01 for the normokinetic versus the mismatch group and for the normokinetic versus the match group). Neither absolute blood flows nor flow indices discriminated between the mismatch and the match groups.
Histology Qualitative Changes
The histology of biopsies derived from patients with CAD and normal wall motion was mostly found to be normal (Fig 1) . In patients with a PET mismatch pattern, many myocardial cells demonstrated structural features similar to those seen in nonischemic myocardium. However, several cells showed cytological abnormalities.39,40 In these cells, light microscopy showed a variable loss of contractile material. The cell volume remained normal. The contractile material was replaced by glycogen (PAS positive) (Fig 2) . Between the affected cells, a slight increase in connective tissue was noted. In biopsies of patients with a PET match pattern, the presence of connective tissue was more important (Fig 3) . Although quantification was not possible on the second biopsy taken for immunocytochemical verification of the nature of the cell change (results not dealt with in this report), frozen sections derived from the latter revealed no obvious differences between the two biopsies.
Electron microscopy showed a gradual depletion of contractile material with replacement by glycogen deposits (Figs 2 and 3) . The depletion of sarcomeres was most obvious in the perinuclear area. Mitochondrial structure was also altered. Small mitochondria were seen in the areas adjacent to the glycogen-rich perinuclear zones. Cristae appeared normal. The nuclei had lost their normal contour and had a tortuous appearance. The sarcoplasmic reticulum was virtually absent. The sarcolemma no longer projected protrusions (T tubules) into the cytosol. There was a remarkable absence of degenerative changes such as cytoplasmic vacuolization, cytosolic edema, mitochondrial swelling, membrane disruption, accumulation of secondary lysosomes, and lipid droplets.
Quantitative Changes
Since the limited spatial resolution of PET cameras does not allow precise differentiating of endocardium and epicardium, the endocardial and epicardial biopsy results were pooled and compared with the PET results (see Figs 4 and 5) . The biopsies of the 14 patients with wall motion abnormalities and a mismatch pattern showed no necrotic myocytes. Fibrosis was minimal (11+6 vol%), whereas reduced contractile material and increased glycogen content was found in 25 + 13% of the cells.
In the 9 patients with anterior wall motion abnormalities and a PET match pattern, the biopsies revealed extensive fibrosis (35+±25%). In these biopsies, there were also 24±15% cells with reduced contractile material and increased glycogen content. The biopsies of the (P=NS). 10 patients without wall motion abnormalities showed Functional Follow-up Nuclear angiography after surgery was performed in 29 patients (Fig 6) . Four 
Myocardial Fibrosis
As described earlier, the patients in our study were separated in groups according to function and to PET results. The biopsies of the group with normal wall motion showed hardly any fibrosis (8±4). In the group with wall motion abnormalities, the biopsies of the 14 patients with a mismatch pattern revealed a large number of viable cells (11±6 vol% fibrosis). Functional follow-up revealed significant wall motion recovery. In the 9 patients with a PET match pattern, 35±25 vol% fibrosis was seen (P<.01 versus group with normal wall motion and versus mismatch group). As indicated by the large standard deviation, varying amounts of fibrosis FIG 2. a, Light microscopy of myocardial tissue derived from the free left ventricular anterior wall of a patient with chronic ischemic heart disease, wall motion abnormalities, and a positron emission tomography mismatch (PAS stained) (see Tables 1 and 2 , patient 24). Accumulation of glycogen (dark-stained zones) is seen (arrows) (x216). b, Electron microscopy of myocardial cells derived from the same patient. Contractile material is absent from the cell center; sarcomeres (sm) remain only at the cell periphery. Glycogen (gI) accumulates in the cytosol. Small mitochondria are present (arrows) (x5170).
were found in patients with a PET match pattern. A linear relation was found between the % fibrosis and the flow ratio: The highest amounts of scar tissue were found in patients with the most severe match patterns. Patients with only a moderate concordant decrease of flow and metabolism showed less fibrosis. This was also reflected in the severity of the wall motion abnormalities. Patients with a moderate concordant reduction of flow and metabolism revealed only a moderate reduction of contractility. A linear relation was found between the severity of regional wall motion impairment preoperatively and the flow index. However, functional improvement after surgery was not predicted by preoperative flow values. In patients with a PET match pattern, wall motion did not improve significantly. In patients with a mismatch pattern, ventricular function improved after surgery.
There was an association between PET measurements of flow and metabolism and the amount of fibrosis in the biopsies. PET mismatches were found in areas containing viable cells. Ventricular function improved after surgery. In PET match areas, significantly more scar tissue was seen. Ventricular function did not improve 3 months after CABG.
Loss of Contractile Material and Glycogen Storage
In all patients with impaired wall motion, a considerable number glycogen-storing cells were found. The biopsies of the patients with a PET mismatch pattern showed 25±13% cells with a loss of contractile material and glycogen storage. In the biopsies of the patients with a PET match pattern, 24-+-15% glycogen-storing cells were found. Thus, glycogen-storing cells were found in regions with wall motion abnormalities whether there was a PET mismatch or not. Therefore, this storage is not likely to be the main explanation for the presence of a mismatch pattern. However, it should be taken into account that in areas with more fibrosis, the glycogen-containing cells are more dispersed in a connective tissue-rich environment, which results in spatial dilution of the glucose uptake. There was no correlation between the amount of histologically altered cells and the quantitative index of mismatch. This is another argument for assuming that enhanced glucose utilization is not only present in the altered cells but also in the cells considered normal histologically. Still, altered cells might represent a structural adaptation to long-term hypoperfusion. Histologically altered cells were also found in the patients without noticeable wall motion abnormalities (12±-8%) (P<.05 versus mismatch group, P=NS versus match group). A possible explanation for their presence is that the biopted myocardium has recovered from a period of hibernation with only few remaining histologically altered cells. Another possibility is that wall motion might not be constantly impaired and that the altered cells have structurally adapted to repetitive episodes of ischemia and wall motion impairment. It has been postulated that hibernating myocardium is the result of repetitive episodes of ischemia with a persistent stunning effect. 26 In some of these patients, there might be a localized wall motion FIG 3 . a, Light microscopy of myocardial tissue derived from the free left ventricular anterior wall of a patient with chronic ischemic heart disease, wall motion abnormalities, and a positron emission tomography match (PAS stained) (see Tables 1 and 2 
Conclusions
From our data, it can be concluded that PET mismatch areas contained predominantly viable cells. Functional follow-up 3 months after surgery showed significant wall motion improvement. In areas with wall motion impairment and a PET match pattern, extensive fibrosis was seen. Wall motion did not improve significantly. Glycogenstoring cells were mainly found in areas with wall motion impairment but were also present in areas with normal wall motion and a severe stenosis of the coronary vessel. The levels of FDG uptake with respect to tissue viability most likely reflect differences in nonoxidative or oxidative glucose metabolism.
Appendix 1: Spillover and Recovery Correction
Both the ammonia and the FDG images are corrected for spillover and recovery before calculation of absolute flow and metabolism. A detailed description and validation of this method is submitted for publication. The method is presented here in short.
The transaxial images are converted into a set of radial slices, which are delineated automatically, assuming a constant wall thickness of 10 mm.
An average three-dimensional point spread function is derived from line source measurements in a water-filled cylinder. A sum of two gaussians was fitted to the measured line profiles. The resulting line spread function was converted to a point spread function assuming isotropic resolution. From gated PET images, the loss of resolution due to wall motion was estimated. This effect was modeled by an isotropic gaussian convolution. The latter gaussian was combined with the sum of gaussians representing the system resolution into a final overall point spread function.
The shape and thickness of the left ventricular wall are known, assuming that the delineation is correct and that the assumption of constant wall thickness is an acceptable approximation. In addition, the overall point spread function is known. Consequently, the local values for recovery and spillover can be estimated by straightforward simulation (convolution of binary images with the overall point spread function). In this way, we calculated a single recovery coefficient for the blood pool region (assuming a homogeneous tracer distribution), local (pixel by pixel) recovery coefficients for the left ventricular wall, and local recovery coefficients for spillover from the blood pool into the wall. The effect of spillover from the wall into the blood pool was directly calculated by convolving the corrected wall image with the overall point spread function.
The approximation of a constant wall thickness is introduced because the overall resolution (combination of system resolution and wall motion) precludes accurate measurement of the wall thickness from the PET image. Consequently, an average recovery coefficient is obtained, resulting in undercorrection in the case of wall thinning and overcorrection near the papillary muscles. Spillover, on the other hand, is estimated quite accurately and is strongly reduced by the correction.
Appendix 2: Calculation of Absolute Blood Flow
Absolute myocardial flow values were calculated using the three-compartment model proposed by Hutchins et al. 33 The equations were adapted to include right ventricular spillover.
The recovery correction was removed from the equations and was applied as a first step before kinetic modeling ("Appendix 1").
The operational equations are (time derivative represented by a dot) where i is frame number; CA (i) is left ventricular blood pool tracer concentration (counts/mL); CE (i) is 
